• Dox causes DNA damage inefficiently in ABC-DLBCL because of preferential cytoplasmic localization.
Introduction
Diffuse large B-cell lymphoma (DLBCL) is a common B-cell malignancy resulting from the transformation of germinal center (GC) B cells. 1 DLBCL has 2 major molecular subtypes, GC B-cell-like (GCB) and activated B-cell-like (ABC), which differ in their immunophenotype, tumor biology, and clinical course. 2, 3 Many biological characteristics that distinguish these 2 subtypes are dictated by distinct somatic mutations in these tumor cells. 1, 4, 5 For example, although GCB-DLBCLs abundantly express the GC master regulator BCL6, but lack NF-kB or STAT3 activation, ABC-DLBCLs express somewhat lower levels of BCL6, but exhibit constitutively activated NF-kB and STAT3 as the result of genetic alterations in upstream signaling molecules in the B-cell receptor and Toll-like receptor signaling pathways. [6] [7] [8] Both NF-kB and STAT3 regulate a diverse array of cellular pathways and are required for optimal growth and survival of lymphoma cells, 9 -11 yet only STAT3, not NF-kB, has been implicated as a poor prognostic factor in DLBCL. 12 Previously, when managed with the chemotherapy regimen CHOP (cyclophosphamide, vincristine, doxorubicin [Dox] , and prednisone), the 5-year overall survival (OS) rates for patients with GCB-DLBCL and ABC-DLBCL were 46% and 32%, respectively. 2 The addition of the anti-CD20 monoclonal antibody rituximab to the CHOP backbone (R-CHOP) has markedly improved the survival outcomes of both subgroups, resulting in 5-year OS rates of ;80% and 50% for GCB-DLBCL and ABC-DLBCL, respectively. 2, 13 Yet a significant survival disparity persists between these 2 subgroups, and the underlying biological basis is poorly understood. Although the approach of combining targeted agents with front-line treatment has received significant interest and showed promise in early clinical trials, 14, 15 we believe additional therapeutic opportunities may arise with a better understanding of the ABC-DLBCL-associated mechanism of resistance to frontline treatment. In this regard, recent evidence suggests rituximab may not significantly alter survival outcomes for patients with relapsed/refractory DLBCL, which are often of the ABC-DLBCL subtype. 16 Such clinical observations raise the possibility for an ABC-DLBCL-specific resistance mechanism that is directed toward CHOP components and is inadequately addressed by rituximab. The notion of a subtype-specific resistance mechanism is also supported by reports that p53 mutations and constitutively activated STAT3 selectively predict poor prognosis in the GCB-and ABC-DLBCL subgroups, respectively. 12, 17 Among the 3 anticancer drugs in CHOP, Dox is arguably the most important cytotoxic ingredient. Its major anticancer effects occur through the inhibition of topoisomerase II and generation of DNA double-strand breaks. 18, 19 In this scenario, Dox rapidly activates the DNA damage response (DDR) pathway in cancer cells, leading to p53 activation and apoptosis. 20, 21 The second cytotoxic mechanism of Dox, often discussed in the context of cardiotoxicity but also occurring in Dox-treated cancer cells, is oxidative stress caused by reactive oxygen species (ROS) originating from damaged mitochondria. 22 , 23 Yet the relative contribution of ROS to overall cytotoxicity and clinical outcome is rarely compared directly with the desired on-target effects; for example, DDR. Here, we demonstrate that Dox induces cytotoxicity in DLBCLs through subtype-specific mechanisms and that by promoting a cellular antioxidant program, activated STAT3 specifically antagonizes Dox-triggered oxidative cell death, which is the primary mechanism of cytotoxicity in ABC-DLBCL cells. We also show that a small molecule STAT3 inhibitor, CPA-7, can synergize with Doxcontaining therapy in ABC-DLBCL preclinical models.
Methods

Cell culture and transient transfection
Cell lines were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum or, for the OCI-Ly series of cell lines, Iscove modified Dulbecco medium supplemented with 10% fetal bovine serum, with the exception of Ly10, which was cultured in Iscove modified Dulbecco medium plus 20% human plasma. Transient transfection procedure has been previously described. 9 In vitro cytotoxicity assays and ROS measurement Resazurin (R&D Systems)-based viability assays were used to determine the 50% inhibitory concentration (IC 50 ) values of Dox and H 2 O 2 (Sigma-Aldrich) after exposing cells to various concentrations of the reagents for 48 and 8 hours, respectively. Unless specified, the cell line-specific Dox IC 50 concentrations (supplemental Table 1 , available on the Blood Web site) were used in all experiments in this study. The combination index (CI) and isobologram plots for CPA-7 and Dox interaction were generated with the Calcusyn software (Biosoft) on the basis of the method of Chou and Talalay. 24 With this method, the CI represents the degrees of synergism, with the smallest values indicating the most synergy. CI values less than 0.8 indicate synergy. Specifically, those values from 0.8 to 1.2 indicate an additive effect, and those more than 1.2 indicate antagonism. Mitochondrial superoxide was detected by MitoSox Red (Invitrogen) staining, and the results were shown as mean fluorescent intensity. Standard Annexin V1PI staining was used to quantify apoptotic and total viable cell fractions.
Quantitative RT-PCR and immunoblotting
Immunoblotting and quantitative reverse transcription polymerase chain reaction (qRT-PCR) were performed using standard techniques, as previously described. 25 To detect H2A and gH2AX, which bind DNA tightly, cells were lysed in Laemmli buffer (60 mM Tris×Cl at pH 6.8, 4% SDS, 10% glycerol) and then sonicated in an ice-cold water bath for 40 3 5 seconds, with 5-second intervals between the cycles, using a Diagenode Bioruptor at high power setting. Primary antibodies used for Immunoblot analysis were purchased from Santa Cruz Biotechnology for STAT3 (sc-482), GAPDH (sc-25778), Mcl-1 (sc-819), JunB (sc-8051), and c-Myc (sc-40); from Cell Signaling Technology for PY-STAT3 (#9131), PS-STAT3 (#9123), P-CHK2 (#2661), CHK2 (#2662), P-p53 (#9284), p53 (#2524), phosphor-histone H2AX (#2577), and H2A; from GeneTex for ATM (GTX70103); and from R&D systems for P-ATM (AF1655).
Quantitative chromatin immunoprecipitation
Locus-specific quantitative chromatin immunoprecipitation (qChIP) was performed as previously described. 25 The control rabbit immunoglobulin G and anti-STAT3 (sc-482) polyclonal antibodies were from Santa Cruz Biotechnology. The SOD2 primers used for qPCR measurement of the recovered genomic DNA are GTCCCAGCCTGAATTTCC (forward) and CTAGGCTTC CGGTAAGTG (reverse).
Imaging of subcellular Dox distribution; CHOP and CPA-7 treatment of animals; prognostic analysis based on an oxidative stress gene expression signature The detailed procedure is described in the supplemental Methods.
Statistical analysis
Unpaired 2-tailed Student t test and linear regression analysis were performed where appropriate, using Excel 2010. The Kaplan-Meier method was used to estimate the survival distributions, with the log-rank test performed to compare the survival curves. The survival analysis was performed using the GraphPad Prism 6 software. Statistical significance was set at a level of P , .05.
Results
DDR plays a major role in Dox-triggered cytotoxicity in GCB-DLBCL, but not ABC-DLBCL, cell lines Dox is a substrate of the drug transporter P-glycoprotein, which is variably expressed in primary DLBCLs. 26 As such, a given concentration of Dox may result in marked variations in its intracellular concentration in cultured DLBCL cells, therefore complicating our investigation because the biological actions of Dox are dosedependent. 27 To circumvent this issue and focus on the primary mode of cytotoxicity, we first determined the Dox IC 50 values for all DLBCL cell lines used in this study (supplemental Table 1 ) and applied these individually determined doses throughout this study unless otherwise indicated.
To evaluate DDR response to Dox, we monitored 4 DDR markers in 5 GCB and 6 ABC-DLBCL cell lines for 24 hours after Dox treatment. In all GCB cell lines tested, robust DDR activation was observed, as evidenced by rapid increase in phosphoSer1981-ATM (P-ATM), phospho-Thr68-CHK2 (P-CHK2), and phospho-Ser139-H2AX (gH2AX; Figure 1A ; supplemental Figure 1 ). The p53 response was more variable, with the increase in total p53 and phospho-Ser15-p53 (P-p53) being strong and progressive in Val and Ly1 and weak and transient in SUDHL5. Neither total p53 nor P-p53 could be detected in Karpas-422 and Pfeiffer, likely because of extremely low p53 mRNA expression. 28 In the 6 ABC cell lines examined, however, moderate to strong DDR was observed only in U2932 and SUDHL2 (supplemental Figure 1) . In HBL1 cells (supplemental Figure 1) , despite normal ATM activation, the DDR signal was not transduced to the ATM substrates CHK2 and H2AX. In the other 3 ABC-DLBCL cell lines, Riva, Ly3 ( Figure 1A) , and Ly10 cells (supplemental Figure 1) , Dox completely failed to activate ATM, CHK2, and H2AX. Similar results were obtained when gH2AX signals were measured by flow cytometry (not shown). Of note, strong P-p53 signals were occasionally observed in the absence of CHK2 activation in ABC-DLBCL cell lines, for example, Riva ( Figure 1A ) and HBL1 (supplemental Figure 1) , possibly as the result of cellular stress other than DDR. 29 To exclude the possibility that the DDR pathway in ABC-DLBCL cell lines is functionally compromised, we examined the status of DDR after ionizing irradiation (IR) ( Figure 1B ; supplemental Figure 2 ). With the exception of P-CHK2 in HBL1, DDR activation in the 6 ABC cell lines was fairly comparable to 2 representative GCB lines, Val and SUDHL6, indicating that the ABC-DLBCL cell lines have a functionally intact DDR pathway, and thus inefficient DDR activation by Dox is most likely a result of its failure to generate DNA damage, rather than defective DDR signaling.
We also evaluated the functional importance of DDR in Doxtreated GCB-DLBCL cells. Three GCB-DLBCL cell lines were exposed to Dox for 20 hours, either with or without a pretreatment with the ATM inhibitor, KU-55933 (ATMi). The effect of ATMi on DDR response and apoptosis was then evaluated. As shown in Figure 1C , inhibiting ATM reduced Dox-induced P-CHK2/ gH2AX signals by 73%/20%, 64%/78%, and 55%/43% in Val, Ly1, and Karpass-422 cells, respectively. Dox-induced apoptosis was similarly reduced in these cell lines (58% in Val; 49% in Ly1, and 37% in Karpass-422; Figure 1D ). These results indicate that DDR is a major mechanism of Dox-triggered cell death in GCB-DLBCL cells, at least during the early phase of drug exposure. However, other mechanisms of cell death may also contribute to the overall cytotoxicity. 
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Dox is often excluded from the nucleus in the ABC-DLBCL cell lines
To investigate the cause of inefficient DDR activation by Dox in ABC-DLBCL cells, we examined subcellular distribution of Dox, using confocal microscopy ( Figure 2A -B). These confocal analyses showed that in all 5 GCB-DLBCL cell lines, at least 60% of the Dox signals were concentrated in the nucleus. Among these, SUDHL5 had the lowest amount of nuclear Dox (60%), correlating with a weaker DDR response relative to other GCB lines (supplemental Figure 1) . Among the 6 ABC-DLBCL cell lines tested, only 2 had 60% or more Dox signals in the nucleus. The 3 cell lines showing the least concentration of nuclear Dox (Ly3, Ly10, and Riva) were also the ones that were most resistant to Dox-induced DDR ( Figure 1A ; supplemental Figure 1 ). In comparison, the 3 cell lines showing 50% to 90% nuclear Dox signals had moderate (SUDHL2 and HBL1) to strong (U2932) DDR activation (supplemental Figure 1) . Therefore, inefficient DDR activation by Dox in ABC-DLBCL cells is likely caused by inadequate nuclear accumulation of Dox. ) is referred to as ROS in the following experiments because changes in this ROS species correlated more closely with cell survival than hydrogen peroxide (not shown). Ly3 and Ly10 cells treated with Dox for more than 16 hours showed progressive ROS accumulation, which was mirrored by steady decline in cell viability ( Figure 3A ). When cells were pretreated with antioxidants (N-acetyl-cysteine and vitamin C), to antagonize Doxinduced ROS, Dox-triggered increase in cell death was also substantially reduced, often to pretreatment levels ( Figure 3B ). In the case of vitamin C-treated Ly10 cells, a small reduction in ROS led to a substantial restoration of viability, possibly suggesting a threshold effect in ROS-induced cell signaling and cell death. However, in Riva cells, attenuation of Dox-induced ROS increase by antioxidants did not restore the total number of viable cells, possibly because Dox mainly
% nuclear -located dox Cell death (relative to control) Figure 3B ). We conclude from these results that elevated ROS is a major cause of Dox-triggered cell death in ABC-DLBCL cells. However, Dox-induced cytostatic effect may be less dependent on ROS.
Basal oxidative stress status predicts treatment outcome among patients with ABC-DLBCL, but not GCB-DLBCL
The antioxidant experiments suggested that, at least in the cell line models of ABC-DLBCL, the pretreatment redox state could significantly influence Dox-induced ROS accumulation and cell survival. To test the validity of this notion in a clinical setting, we evaluated the prognostic significance of a gene expression signature composed of 16 experimentally validated oxidative stress pathway genes. Survival analysis was performed using previously published CHOP and R-CHOP cohorts 30 while stratifying patients into the ABC/GCB subtypes. Among the CHOP-treated patients with ABC-DLBCL, this oxidative stress signature had significant prognostic value (P 5 .0003), with 5-year OS rates of 52% and 11% for the high-and low-expressing subgroups, respectively. Yet no prognostic significance could be detected for the CHOP-treated GCB-DLBCL subgroup (P 5 .604) ( Figure 4A) . A similar, ABC-specific prognostic association was detected in an R-CHOP cohort (P 5 .0395; supplemental Figure 5B ). Again, for the GCB subgroup of this cohort, this prognostic association was absent (P 5 .6748). To further confirm the subtype-specific role of cellular redox control in chemotherapy response, we measured the antioxidant capacity of a series of DLBCL cell lines, using the H 2 O 2 toxicity test. We found a strong and direct correlation between IC 50 values for H 2 O 2 and Dox among the 9 ABC cell lines, and yet this relationship was absent among the 9 GCB cell lines (supplemental Figure 5C ). When combined, these results indicate that the cellular antioxidant defense systems were selectively engaged when ABCDLBCLs, but not GCB-DLBCLs, were treated with Dox-containing therapies; furthermore, ABC-DLBCL tumors with extensive preexisting redox adaptation responded to frontline treatment better, possibly because of their limited capacity to eradicate additional chemo-induced ROS.
31
STAT3 confers chemoresistance to ABC-DLBCL cells by promoting a cellular antioxidant program
We have previously reported that STAT3 activation is a poor prognosticator among ABC-DLBCLs but has no prognostic effect among GCB-DLBCLs. 12 As such, we designed experiments to address the role of STAT3 in Dox-triggered cytotoxicity in ABC-DLBCLs. We first examined the possibility that activated STAT3 is casually involved in the cytoplasmic localization of Dox, and hence the weak DDR response in Dox-treated cells. However, STAT3 silencing did not potentiate DDR activation in ABC-DLBCL cell lines (supplemental Figure 6 ), indicating STAT3 is not responsible for the lack of a strong DDR response to Dox. In contrast, we observed that Dox treatment led to rapid and progressive increase in PY-STAT3 levels in multiple cell lines during the first 12 hours ( Figure 5A ). However, this increase dropped sharply at 24 hours, concurrent with marked accumulation of ROS ( Figure 3A) , suggesting a possibility that STAT3 is redox responsive in ABC-DLBCL cells and plays an active role in the cellular antioxidant defense. To experimentally test this possibility, we used siRNA to knock down the endogenous STAT3 in Ly3 and SuDHL2 cells. As shown in Figure 5B , STAT3 silencing modestly increased ROS on its own and significantly augmented Dox-induced ROS accumulation. When cell viability was measured, combining STAT3 silencing and Dox treatment appeared to have either additive (Ly3) or synergistic (SUDHL2) effects ( Figure 5B ). These results showed that STAT3 plays an antioxidant role in ABC-DLBCLs.
Because STAT3 exerts its biological functions mostly as a transcription factor, we moved to identify STAT3 target genes that can mediate its antioxidant function. First, we analyzed genomewide gene expression changes after STAT3 siRNA treatment in 4 ABC-DLBCL cell lines. 12 Among the top-ranked genes positively regulated by STAT3 was SOD2 (mitochondria superoxide dismutase). In independent STAT3 silencing experiments, we confirmed that STAT3 is a 
P=0.6748
high score low score Figure 4 . Basal oxidative stress status is predictive of treatment outcome among patients with ABC-DLBCL, but not GCB-DLBCL. OS response of patients with DLBCL according to ABC/GCB subtype status and expression level of a cellular oxidative stress gene signature. ABC-specific prognostic significance is observed in a CHOP cohort (GSE10846) and an R-CHOP cohort (GSE31312). P values of log-rank test between patients with a low (,50th percentile) and high (.50th percentile) signature score are indicated.
positive regulator of SOD2 expression at both the mRNA ( Figure 5C ) and protein levels ( Figure 5D ). In addition, the activity of a SOD2 luciferase reporter containing 2 STAT3 sites 32 could be markedly suppressed by either the Jak inhibitor AG490 or the STAT3 inhibitor STATTIC ( Figure 5E ). Additional evidence supporting SOD2 as a direct STAT3 target gene comes from ChIP experiments, which showed STAT3 occupancy of the endogenous SOD2 promoter region ( Figure 5F ). In a complementary overexpression approach, we found that HBL1 cells forced to express the constitutively activated STAT3C had more SOD2 protein and acquired enhanced resistance against both Dox and H 2 O 2 (supplemental Figure 7) . Most important, SOD-PEG partially but significantly rescued the viability of cells exposed to either Results from Ly3 and SUDHL2 cells were shown. ROS and cell viability measurements were made as in Figure 3 . Cell viability was defined as the fraction of Annexin-neg/PI-neg cells. Forty-eight hours after transfection with either control (Ctrli) or STAT3-specific siRNA (STAT3i) oligos, changes in SOD2 mRNA (C) and protein (D) were examined by qPCR and immunoblot, respectively. (E) Luciferase reporter assay measuring the effects of inhibitors to STAT3 (10 mM STATTIC; ST) and Jak (20 mM AG490; AG) on the activity of a luciferase construct driven by the 3.6-kb human SOD2 promoter. SUDHL2 cells were used in transient transfections. (F) qChIP analysis was performed to measure in vivo binding of STAT3 to the SOD2 promoter region in Ly3 cells that were transfected with either Ctrli or STAT3i oligos. Signals enriched by STAT3 Abs were normalized to that from the control rabbit IgG. Results shown in B, C, and E are mean 6 SD and representative of 2 independent experiments. *P , .05; **P , .01; ***P , .001, based on 2-tailed Student t test. (G) SOD-PEG can attenuate cell death associated with STAT3 inactivation. Ly 3 cells with or without STATTIC pretreatment were exposed to Dox. At 4 and 19 hours into the Dox treatment, aliquots of the samples were treated with SOD-PEG at 75 or 150 U/mL. Cell death was defined as the proportion of all Annexin V1 cells at 24 hours after Dox exposure.
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For personal use only. on January 13, 2017. by guest www.bloodjournal.org From STATTIC or Dox/STATTIC combination ( Figure 5G ), suggesting STAT3 promoted cell survival at least in part by enhancing superoxide clearance capability. Taken together, these findings demonstrate that STAT3 actively confers resistance to Dox-induced cytotoxicity in ABC-DLBCL cells by promoting antioxidant defense, at least in part, through upregulating SOD2.
A small molecule STAT3 inhibitor synergizes with Dox to kill ABC-DLBCL cells in vitro and in vivo A direct and causal role of STAT3 in Dox resistance suggests a therapeutic opportunity based on STAT3 targeting. To test this concept, we turned to the platinum IV compound, CPA-7. CPA-7 has been widely used in oncology and immunology studies as a small molecule STAT3 inhibitor, [33] [34] [35] [36] with its STAT3-inhibitory activity attributed to its ability to inhibit DNA binding of STAT3, but not STAT5. 34 We have exposed 14 DLBCL cell lines to increasing concentrations of CPA-7. In Figure 6A , the resistant group comprises 6 GCB cell lines, a PY-STAT3-negative ABC line Riva (supplemental Figure 8A) , and a PY-STAT3-positive ABC line SUDHL2, where the endogenous PY-STAT3 is resistant to CPA-7 treatment of unknown reason (supplemental Figure 8B) . The sensitive group contains 5 ABC-DLBCL cell lines and a GCB cell line SUDHL5, which has low levels of endogenous PY-STAT3 sensitive to CPA-7 (supplemental Figure 8B) . These results indicate that the effect of CPA-7 on cell viability is contingent on its ability to decrease PY-STAT3. When CPA-7 was used at 5 mM, a notable decrease in PY-STAT3, c-Myc, and cyclin D2 was observed at 16 hours without degradation of MCL-1 ( Figure 6B ). When cells were treated with 2 mM CPA-7 for 16 hours, only a slight reduction in c-Myc was detected without any change in poly(ADP-ribose) polymerase 1. These results suggest that changes in PY-STAT3 and its downstream effectors occur early during CPA-7 treatment, and likely contributed to the cytotoxicity observed at later times, such as 24 hours. Next, we examined cellular changes after CPA-7-mediated STAT3 inhibition in combination with Dox. Treating Ly3 cells with 0.3 mM CPA-7 and the IC 50 dose of Dox resulted in additive effects in ROS accumulation ( Figure 6C, left) . Although at this concentration, CPA-7 did not cause cell death on its own, it enhanced Dox-induced cytotoxicity. In HBL1 cells, combining CPA-7 and Dox produced additive effects in both ROS accumulation and cell death ( Figure 6C, right) .
Synergistic interactions between these 2 drugs was then evaluated using the isobologram method. 24 In Ly3 cells, moderate synergy (CI 5 0.3-0.7) could be achieved with 3 to 8 nM Dox and 0.04 to 0.5 mM CPA-7. In Ly10 cells, very strong synergy (CI , 0.2) could be achieved with 1 to 5 nM Dox and 0.1 to 0.2 mM CPA-7 ( Figure 6D ). Finally, we tested interaction between CPA-7 and CHOP therapy in ABC-DLBCL xenograft models ( Figure 6E-F) . At 3.5 mg/kg, CPA-7 alone did not show any antilymphoma activity against established Ly3 tumors. However, it markedly potentiated the therapeutic activity of CHOP, as evidenced by significantly reduced tumor burden in the group receiving CHOP1CPA-7 relative to the CHOP treatment group ( Figure 6E ). Although the treatment was administered only once, 3 of the 6 mice in the CHOP1CPA-7 group, but none of the animals in the other treatment groups, showed complete tumor regression that lasted for 5 to 7 days (not shown). In the case of Ly10 xenograft, although CPA-7 and CHOP each showed significant therapeutic activity relative to the vehicle-treated control group, the combination resulted in substantially prolonged duration of response from 8 (CAP-7 only) to 10 (CHOP only) days to 28 days ( Figure 6F) . Combined with the results obtained using the STAT3 siRNA approach (Figure 5 ), these findings in preclinical models strongly support the notion that targeting STAT3 can sensitize ABC-DLBCLs to Dox-containing therapy.
Discussion
In recent years, in-depth characterization of the DLBCL mutational landscape has led to much improved understanding of pathogenesis and has guided development of molecularly targeted therapies based on subtype-specific oncogenic pathways. Nevertheless, because targeted agents for DLBCL are often combined with the frontline therapy in early trials, and combinatorial therapies are a favored approach to combat resistance to molecularly targeted treatment, 37, 38 resistance mechanisms directed toward the backbone of CHOP and R-CHOP will likely remain relevant for clinical practice in the foreseeable future. Our findings in this study demonstrate that the key cytotoxic ingredient in CHOP and R-CHOP, Dox, triggers robust DDR in the more therapy-responsive GCB-DLBCLs, yet often relies on ROS to kill therapy-refractory ABC-DLBCLs. This conclusion is supported by experimental results obtained from cell-line models and prognostic analysis of patients with DLBCL. Furthermore, because STAT3 is selectively activated in ABC-DLBCL cells, where it can promote antioxidant defense, the Dox-ROS-cell death cascade may operate rather inefficiently, with its cell death outcome strongly opposed by STAT3, but less so by p53 ( Figure 6G ). These novel insights also explain why the prognostic significance of activated STAT3 and mutated p53 is restricted to the ABC and GCB subtypes, respectively.
12,17
The most unexpected finding in this study is the poor nuclear accessibility of Dox in many ABC-DLBCL cells. Although all GCB-DLBCL cell lines retained at least 60% of Dox in the nucleus, 4 of the 6 ABC cell lines examined fell below this benchmark. In cardiomyocytes, selective enrichment of Dox in mitochondria is attributed to the enormous mitochondria mass and the fact that Dox has an extraordinarily high affinity for cardiolipin, a lipid component highly enriched in the mitochondria inner membrane. 39 In solid tumors, one mechanism of chemoresistance is drug accumulation in discrete cytoplasmic organelles and sequestration away from the nucleus. 40, 41 In drug-resistant breast cancer cells, this has been attributed to aberrant organelle acidification, which turns the organelles into traps for partially hydrophobic and weakly basic molecules such as Dox. 42 The exact cause of cytoplasmic Dox enrichment in ABC-DLBCL cells is currently unknown and is a subject for future research. Yet, because our cell line models carry a heterogeneous array of somatic mutations found in primary DLBCL samples, 43 the underlying cause is more likely related to the general cell physiology characteristics of ABC-DLBCLs, rather than any particular genetic mutations.
Our work here also demonstrates that STAT3 plays an antioxidant role in ABC-DLBCL cells by responding to Dox-induced oxidative stress and directly upregulating SOD2. This conclusion is based on several lines of evidence, including siRNA-mediated STAT3 silencing, expression of STAT3C in stable lines, and direct involvement of Jak/STAT3 in SOD2 transcription regulation. Although a multitude of cellular functions has been attributed to constitutively activated STAT3 in cancer, 44, 45 a direct role of STAT3 in antioxidant defense has not been documented. In fact, published literature contains many conflicting reports demonstrating that ROS can either activate [46] [47] [48] or inactivate STAT3. [49] [50] [51] The early activation of STAT3 followed by late, abrupt inactivation in Dox-treated DLBCL cells is consistent with a model in which the initial rise in ROS levels activates STAT3, possibly through tyrosine kinases such as Syk, 48 culminating in SOD2 upregulation and restoration of redox homeostasis. Yet, as Doxtriggered ROS production exceeds a certain threshold, the transcription activity of STAT3 likely diminishes, 49 contributing to an irreversible loss of redox homeostasis. Additional studies are needed to fully elucidate functional interactions between ROS and STAT3 in lymphoma pathogenesis, as well as therapeutic settings.
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nil CPA-7
MitoSox fluorescence (relative to control) Ce viability (relative to control) The effect of CPA-7 on basal and Dox-induced ROS and cell viability change. Ly3 and HBL1 cells were pretreated with 0.3 and 1 mM of CPA-7, respectively, for 1 h before exposing to IC 50 concentrations of Dox for 24 hours. ROS and cell viability measurements were made as in Figure 3 . Results shown are mean 6 SD and were representative of 3 independent experiments. *P , .05; **P , .01, based on 2-tailed Student t test was used. ns, not significant. nil, vehicle control. (D) Isobolograms for the combination of Dox with CPA-7 that were isoeffective (IC 50 ) for inhibition of proliferation of Ly3 and Ly10 cells. The diagonal line indicates the zero interaction isobole. Cell viability was measured after drug treatment of 48 hours, using Resazurin-based assays. Results are representative of 3 independent experiments. CPA-7 (3.5 mg/kg) synergized with CHOP to kill established Ly3 (E) and Ly10 (F) tumors in xenograft mouse models. Results presented are mean tumor volumes with error bars indicating standard error of the mean. Compared with CHOP or CPA-7 monotherapy, CHOP/CPA-7 combination showed significant activity (P ,. 05, 2-tailed Student t test) at all points after day 6 post the single treatment on day 0, marked by the thick arrow. (G) Model depicting Dox-triggered mechanism of cytotoxicity in ABC-DLBCLs. Specifically, Dox is often inefficient in activating the DDR-p53-cell death axis; instead, it relies on ROS accumulation to cause oxidative cell death, a process that is countered by activated STAT3 and the endogenous antioxidant program. PARP, poly(ADP-ribose) polymerase 1.
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